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Sr2Fei_xCoxNb06  (0.1  <x<0.9)  (SFCN)  oxides  with  perovskite  structure  have  been  developed  as  the 
cathode  materials  for  intermediate-temperature  solid  oxide  fuel  cells  (IT-SOFCs).  These  materials  are  syn¬ 
thesized  via  solid-state  reaction  and  characterized  by  XRD,  SEM,  electrical  conductivity,  AC  impedance 
spectroscopy  and  DC  polarization  measurements.  The  reactivity  tests  show  that  the  Sr2Fei_xCoxNb06  elec¬ 
trodes  are  chemically  compatible  with  the  Zr0.85Y0.15O1.925  (YSZ)  and  Ce1.9Gdo.1O1.95  (CGO)  electrolytes 
at  1200  °C,  and  the  electrode  forms  a  good  contact  with  the  electrolyte  after  sintering  at  1200  °C  for 
12  h.  The  total  electrical  conductivity  that  has  a  considerable  effect  on  the  electrode  properties  is  deter¬ 
mined  in  a  temperature  range  from  200  °C  to  800  °C.  The  highest  conductivity  of  5.7  S  cm-1  is  found  for 
Sr2Fe0.i  Co0.9NbO6  at  800  °C  in  air.  The  electrochemical  performances  of  these  cathode  materials  are  stud¬ 
ied  using  impedance  spectroscopy  at  various  temperatures  and  oxygen  partial  pressures.  Two  different 
kinds  of  reaction  rate-limiting  steps  exist  on  the  Sr2Feo.iCoo.9Nb06  electrode,  depending  on  the  tempera¬ 
ture.  The  Sr2Feo.iCoo.9Nb06  electrode  on  CGO  electrolyte  exhibits  a  polarization  resistance  of  0.74  Q  cm2 
at  750  °C  in  air,  which  indicates  that  the  Sr2Feo.iCoo.gNb06  electrode  is  a  promising  cathode  material  for 
IT-SOFCs. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  that  convert  directly  chemical 
energy  into  electrical  energy  through  electrochemical  processes 
have  been  regarded  as  a  promising  energy  conversion  and  genera¬ 
tion  system  due  to  their  high  efficiency,  fuel  adaptability  and  low 
pollution  [  1,2  ].  An  important  consideration  to  both  design  and  man¬ 
ufacturing  research  is  the  reduction  of  operating  temperature  in 
order  to  reduce  production  costs  [3  ].  Making  low  cost  intermediate- 
temperature  solid  oxide  fuel  cells  (IT-SOFCs)  supposes  the  operating 
temperature  to  be  reduced  down  to  800  °C  or  lower.  The  improve¬ 
ment  of  cathode  performance  is  one  of  the  most  important  issues 
for  the  development  of  IT-SOFCs. 

A  number  of  investigations  concerned  with  cathode  materi¬ 
als  are  devoted  to  perovskite-type  materials.  Strontium  doped 
lanthanum  manganate  Lai_xSrxMn03  (LSM),  the  earliest  cathode 
material,  is  limited  in  use  with  respect  to  IT-SOFCs  because  of  its  low 
oxide-ion  conductivity  [4].  On  the  other  hand,  Lai_xSrxCoi_yFey03 
(LSCF)  with  high  oxide-ion  conductivity  has  been  extensively  devel¬ 
oped  as  cathode  material  in  IT-SOFCs.  However,  it  was  reported 
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that  Lai_xSrxCoi_yFey03  has  a  relatively  higher  thermal  expan¬ 
sion  coefficient  with  respect  to  the  use  of  the  electrolyte  [5,6]. 
A2BB/06  oxides  with  the  double-perovskite  structure,  which  can 
accommodate  large  amounts  of  oxygen  non-stoichiometry,  have 
been  previously  known  as  tunneling  magnetoresistance  com¬ 
pounds  [7].  Recently,  studies  on  Sr2MgMo06_5  have  found  that  this 
material  exhibits  mixed  ionic  and  electronic  conducting  property, 
much  higher  thermochemical  stability  and  electrocatalytic  activity 
[8-11  ].  Preliminary  results  are  promising  in  terms  of  electrochem¬ 
ical  performance  and  redox  stability  [9-11].  The  majority  of  these 
investigations  have  been  devoted  to  the  Mg,  Mn  and  Cr  substituted 
materials  due  to  their  excellent  anode  performances  [9].  Tao  et  al. 
prepared  Sr2FeNb06  and  studied  its  structure,  stability  and  electri¬ 
cal  conductivity  [12].  The  results  indicate  that  Sr2FeNb06  has  good 
thermochemical  and  structural  stability  over  a  wide  range  of  oxygen 
partial  pressures  and  that  the  thermal  expansion  coefficient  is  also 
compatible  with  most  electrolyte  materials  [13].  This  would  lead  to 
interesting  engineering  possibilities  in  terms  of  developing  cathode 
materials  for  IT-SOFCs.  In  this  paper,  the  perovskite  structure  oxides 
Sr2Fei_xCoxNb06  (SFCN)  were  synthesized  and  characterized.  The 
suitability  of  SFCN  as  a  cathode  material  based  on  Zr0.85Yo.i50i.925 
(YSZ)  and  Ce1.9Gdo.1O1.95  (CGO)  electrolytes  was  analyzed  over  the 
IT-SOFCs  temperature  range.  The  electrochemical  performances  of 
a  SFCN  cathode  on  CGO  electrolyte  were  also  investigated. 
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2.  Experimental 

The  single-phase  Sr2Fei_xCoxNb06  (0.1  <x<  0.9)  powders  were 
prepared  through  solid-state  reaction.  Stoichiometric  amount  of 
SrC03  (>99.5%),  Fe203  (>99.5%),  Co304  (>99.5%)  and  Nb205 
(>99.9%)  was  mixed  and  ground  in  an  agate  mortar,  then  calcined 
in  air  at  1300  °C  for  24  h.  The  obtained  materials  were  denoted  as 
SFCN01  for  Sr2Feo.gCoo.iNb06  and  so  on.  YSZ  (Tosoh,  Japan)  and 
CGO  powders  prepared  according  to  Ref.  [14]  were  pressed  uniax- 
ially  at  200  MPa  and  sintered  at  1400  °C  for  12  h  and  10  h  to  form 
dense  pellets.  The  electrolyte  pellets  were  about  1  mm  in  thickness 
and  11  mm  in  diameter. 

The  SFCN  powders  were  mixed  with  terpineol  to  form  ink,  and 
subsequently  painted  on  one  side  of  the  electrolyte  pellet  to  form 
a  working  electrode  (WE)  with  a  surface  area  of  0.4  cm2.  Platinum 
paste  was  painted  symmetrically  on  the  other  side  of  the  pellet  as 
the  counter  electrode  (CE).  A  Pt  wire  was  used  as  a  reference  elec¬ 
trode  (RE)  and  put  on  the  same  side  of  the  WE.  Pt  mesh  attached  to 
a  Pt  wire  was  used  as  the  current  collector.  The  cell  was  first  heated 
at  500  °C  to  eliminate  organic  binders,  then  sintered  at  1200  °C  for 
12  h  in  air. 

The  structure  and  phase  purity  of  the  materials  were  charac¬ 
terized  by  powder  X-ray  diffraction  (XRD)  using  a  Rigaku  DMAX 
IIB  diffractometer  with  Cu  Ka  radiation.  The  morphology  and 
microstructure  of  the  sintered  electrodes  were  observed  with  a 
Philips  XL-30  field-emission  scanning  electron  microscope  (FE- 
SEM).  The  electrical  conductivity  of  the  materials  was  measured 
in  air  by  the  standard  four-probe  DC  method  on  dense  pellets. 
The  as-prepared  powders  were  pressed  into  the  rectangular  bars 
(2  mm  x  2  mm  x  25  mm)  under  a  pressure  of  150  MPa  followed  by 
sintering  at  1300  °C  for  12  h  in  air.  The  density  of  the  sintered  bars 
was  measured  by  the  Archimedes’  method;  it  ranged  between  85% 
and  90%  of  theoretical  density.  Pt  leads  were  attached  to  the  rect¬ 
angular  bar  with  Pt  paste  and  fired  at  800  °C  for  1  h  to  obtain  good 
electric  contact. 

AC  impedance  spectroscopy  was  carried  out  using  an  Autolab 
PGStat30  in  the  frequency  range  of  0.1  EIz  to  1  MEIz.  The  measure¬ 
ments  were  performed  at  an  equilibrium  potential  as  a  function 
of  temperature  (550-800  °C)  and  oxygen  partial  pressure  (N2/02 
mixed  atmosphere).  The  DC  polarization  experiments  were  per¬ 
formed  by  the  chronoampermetry  method  [15],  which  involved  a 
potential  step  followed  by  recording  the  current  density  as  a  func¬ 
tion  of  time.  The  cathode  overpotential  was  calculated  according  to 
the  following  relation: 

?7WE  =  ADwr  -  i^el 

where  ^We  represents  the  cathode  overpotential,  A(iWR  is  the 
applied  voltage  between  working  electrode  and  reference  elec¬ 
trode,  i  and  Rel  are  the  current  flowing  through  the  cell  and  the 
resistance  of  the  electrolyte  obtained  from  the  impedance  spec¬ 
trum,  respectively. 

3.  Results  and  discussions 

Fig.  1 A  shows  the  XRD  patterns  of  as-prepared  SFCN  powders.  It 
is  observed  that  all  these  materials  crystallize  in  a  single-phase  per- 
ovskite  structure;  no  impurities  are  detected.  The  XRD  patterns  of 
SFCN  are  indexed  on  a  tetragonal  unit  cell,  consistent  with  a  struc¬ 
ture  related  to  Sr2FeNb06  [12].  The  reaction  between  electrode  and 
electrolyte  is  undesirable  for  the  long-term  stability  of  SOFCs.  The 
reactivity  of  Sr2Fe0.iCoo.9Nb06  (SFCN09)  with  YSZ  and  CGO  elec¬ 
trolytes  was  studied  by  mixing  thoroughly  SFCN09  with  YSZ  or 
CGO  in  a  1:1  weight  ratio,  and  then  sintered  at  1200  °C  for  24  h. 
There  are  no  new  peaks  identifiable  or  shift  of  XRD  peaks  in  the 
patterns  (Fig.  IB  and  C).  Obviously  the  structures  of  SFCN09,  YSZ 
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Fig.  1.  The  XRD  patterns  of  (A)  Sr2Fei_xCoxNb06  (SFCN)  powders,  (B)  SFCN09,  YSZ 
and  SFCN09-YSZ  mixture  and  (C)  SFCN09,  CGO  and  SFCN09-CGO  mixture  after  heat¬ 
ing  at  1200  °C  for  24  h  in  air. 
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Fig.  2.  Arrhenius  plots  of  the  electrical  conductivity  of  Sr2Fei_xCoxNb06  (SFCN) 
measured  in  air. 

and  CGO  materials  remain  unchanged,  indicating  that  there  is  no 
significant  reaction  between  SFCN09  and  electrolytes.  For  example, 
SFCN09  can  be  indexed  on  a  tetragonal  cell  with  lattice  parame¬ 
ters  of  a  =  3.9716(2)  A  and  c  =  3.9812(4)  A,  and  CGO  has  a  cubic  ceria 
structure  with  lattice  parameter  of  a  =  4.4211  ( 1 )  A.  After  calcining  at 
1200  °C,  SFCN09  and  CGO  still  remain  their  structures.  The  lattice 
parameters  of  SFCN09  and  CGO  are  a  =  3.9721(l) A,  c  =  3.9816(2)A 
and  a  =  5.4214(5)  A,  respectively.  These  results  reveal  that  SFCN09 
has  a  good  chemical  compatibility  with  the  YSZ  and  CGO  elec¬ 
trolytes.  Additionally,  the  XRD  pattern  of  YSZ  shows  the  small  peaks 
at  20  =  24°,  28.5°,  31°,  34.5°,  50.5°  and  60°  in  addition  to  pure  cubic 


Fig.  3.  Impedance  spectra  of  the  SFCN09  cathode  on  CGO  electrolyte  sintered  at 
different  temperatures  for  12  h  and  then  measured  at  750  °C  in  air. 

YSZ.  These  peaks  suggest  the  presence  of  monoclinic  and  tetragonal 
YSZ,  which  might  decrease  the  oxide-ion  conductivity  of  electrolyte 
and  further  lower  the  electrode  performance. 

Arrhenius  plots  of  the  electrical  conductivity  of  SFCN  measured 
in  air  are  shown  in  Fig.  2.  The  electrical  conductivity  of  the  SFCN 
oxides  gradually  increases  with  increasing  temperature,  indicat¬ 
ing  the  thermally  activated  semiconductivity.  The  highest  electrical 
conductivity  is  obtained  for  SFCN09  with  a  value  of  5.7  S  cm-1  at 
800  °C.  The  total  conductivity  of  SFCN  increases  with  the  increase 
of  Co-doping,  which  can  be  assigned  to  the  electron  delocalization 


Fig.  4.  FE-SEM  images  of  the  SFCN09/CGO  cells  sintered  at  1150  °C  (A);  1200  °C  (B);  1250  °C  (C);  and  the  cross-section  image  of  the  test  cell  sintered  at  1200  °C  (D). 
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Fig.  5.  Arrhenius  plots  of  the  polarization  resistances  of  Sr2Fei_xCoxNb06  (SFCN) 
cathodes  measured  in  air. 


N 


750°C 

O 

0.161  atm 

• 

0.111  atm 

■ 

0.030  atm 

□ 

0.0056  atm 

▲ 

0.0010  atm 

▲  4 

A  A 

A 

A 

- 

adA°  d  d  □ 

A 

A 

A 

1 

: 

□ 

2.5  3.0  3.5  4.0  4.5  5.0  5.5  6.0  6.5  7.0 

Z'  /  ohm  cm2 


Fig.  6.  Impedance  spectra  of  the  SFCN09/CGO  cell  measured  at  750  °C  under  various 
oxygen  partial  pressures. 


correlated  to  the  stronger  covalency  of  the  Co-0  bond  compared 
to  the  Fe-0  bond  [16,17].  The  activation  energy  of  conductivity  is 
determined  from  the  plots  and  shown  in  Fig.  2. 

In  order  to  investigate  the  effect  of  sintering  temperature  on 
the  SFCN  cathode  performances,  different  sintering  conditions  were 
studied.  Fig.  3  shows  the  impedance  spectra  of  the  SFCN09  cathode 
on  CGO  electrolyte  sintered  at  different  temperatures  for  12  h  and 
then  measured  at  750  °C  in  air.  The  intercept  value  of  the  impedance 
arc  with  the  real  axis  at  high-frequency  side  corresponds  to  the 
resistance  of  the  electrolyte  and  lead  wires,  while  the  value  between 
the  high-frequency  x-axis  and  low-frequency  one  is  attributed  to 
the  total  polarization  resistance  (Rp)  of  the  SFCN09  electrode.  It  is 
observed  that  Rp  is  relatively  large  when  the  sintering  tempera¬ 
ture  is  high  (1250  °C).  When  the  sintering  temperature  is  1200  °C, 
Rp  reduces  to  the  lowest  value.  Rp  increases  again  when  the  sin¬ 
tering  temperature  is  decreased  down  to  1150  °C.  A  similar  result 
was  obtained  for  SFCN09  electrode  on  YSZ  electrolyte.  It  is  well 
known  that  the  sintering  temperature  has  a  dramatic  effect  on  the 
electrode  microstructure,  which  in  turn  will  influence  the  elec¬ 
trode  performances.  Therefore,  the  microstructural  evolution  of  the 
SFCN09  cathodes  was  further  studied  as  a  function  of  different  sin¬ 
tering  temperatures. 

Typical  FE-SEM  images  of  SFCN09/CGO  cells  after  sintering  at 
different  temperatures  for  12  h  are  shown  in  Fig.  4.  It  can  be  seen 
that  SFCN09  particles  form  poor  contacts  with  each  other  when 
the  sintering  temperature  is  1150  °C  (Fig.  4A).  After  being  sintered 
at  1200 °C,  a  microstructure  with  moderate  porosity  and  well¬ 
necked  particles  is  formed.  The  average  particle  size  and  thickness 
of  the  electrode  are  about  5  p,m  and  50  pum  (Fig.  4B  and  D),  respec¬ 
tively.  The  micrograph  clearly  indicates  that  there  is  a  good  contact 
between  the  SFCN09  electrode  and  the  CGO  electrolyte.  When  the 
electrode  is  sintered  at  1250  °C  for  12  h,  particle  agglomeration  and 
slightly  over-sintering  phenomena  are  observed  (Fig.  4C).  This  effect 
would  decrease  the  triple  phase  boundary  (TPB)  length  and  elec¬ 
trode  porosity  due  to  the  growth  of  cathode  particles,  resulting  in  an 
increase  of  Rp.  Similar  effects  had  been  previously  reported  in  the 
literatures  [18,19].  In  this  work,  the  studied  electrodes  were  finally 
sintered  at  1200  °C  for  12  h  to  obtain  the  best  sintering  performance. 
Flowever,  the  SEM  images  also  clearly  show  that  the  porosity  in  the 
cathode  is  low  and  the  particle  size  distribution  is  not  uniform.  Fur¬ 
ther  improvement  in  the  distribution  of  SFCN09  particle  size  and 
porosity  in  the  cathode  would  enhance  the  cell  performance. 

Fig.  5  shows  the  behavior  of  polarization  resistances  as  a  function 
of  temperature  for  the  SFCN  cathodes.  The  polarization  resistance 


decreases  with  increasing  the  Co-doping  content.  This  may  be 
attributed  to  the  increase  in  total  electrical  conductivity.  On  the 
other  hand,  the  lower  bonding  energy  of  Co-0  bond  results  in 
the  loss  of  lattice  oxygen  and  the  formation  of  oxygen  vacancies 
at  elevated  temperatures,  a  process  enhanced  by  the  Co-doping 
[20].  The  polarization  resistance  of  a  SFCN09  cathode  on  CGO 
electrolyte  is  0.74  £2  cm2  at  750  °C.  This  value  is  similar  to  that 
of  Lao.6Sro.4Coo.8Feo.2O3  for  La0.9Sro.iGao.8Mgo.203_5  electrolyte  IT- 
SOFC  [21],  but  is  still  higher  than  those  of  well-known  materials, 
such  as  Lao.6Sro.4Coo.2Feo.8O3  (LSCF)  [22].  Hereafter,  all  of  the  elec¬ 
trode  behavior  studies  are  performed  on  SFCN09  material  with  CGO 
electrolyte. 

In  order  to  clarify  the  effect  of  oxygen  partial  pressure  (PO2)  on 
the  cathode  process,  a  study  of  Nyquist  plots  at  different  oxygen 
partial  pressures  were  carried  out.  Fig.  6  shows  typical  impedance 
spectra  of  the  SFCN09/CGO  cell  measured  at  750  °C  under  vari¬ 
ous  oxygen  partial  pressures.  The  polarization  resistance  decreases 
dramatically  with  the  increase  of  p02.  Generally,  Rp  varies  with 
the  oxygen  partial  pressure  according  to  the  following  equation 
[23,24]: 

RP  =  R°p(p02)n 

n  =  1,  02(g)  02?ads. 

ft  —  2’  ^2, ads.  ^  20ads 

ft  =  4,  Oads.  +  2e'  +  V0"  4^  00x 
ft  =  | ,  Otpb  +  e'  o  Otpb- 
n  =  jo »  Otpb2- +  Vo##  4»  Oox 

The  value  of  n  could  give  useful  information  about  the  type 
of  species  involved  in  the  reactions.  The  dependence  of  polariza¬ 
tion  resistance  on  oxygen  partial  pressure  is  shown  in  Fig.  7.  The 
linear  variation  of  Rp  with  oxygen  partial  pressure  suggests  the 
rate-limiting  step  does  not  significantly  depend  on  the  oxygen  com¬ 
position  of  SFCN09.  Our  results  indicate  that  the  n  value  is  0.23 
at  750  °C,  and  below  750  °C,  n  values  are  0.34  and  0.37  at  700  °C 
and  650  °C,  respectively.  Therefore,  it  is  concluded  that  two  dif¬ 
ferent  kinds  of  reaction  rate-limiting  steps  exist  on  the  SFCN09 
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Fig.  7.  Dependence  of  polarization  resistance  on  oxygen  partial  pressure  for  SFCN09 
cathode  on  CGO  electrolyte  at  different  temperatures. 

electrode,  depending  on  the  temperature.  With  increasing  temper¬ 
ature  from  650  °C  to  750  °C,  the  reaction  rate-limiting  step  would 
be  a  process  involving  successively  the  oxygen  ionization  at  triple¬ 
phase  boundary  (TPB)  and  charge  transfer  reaction.  The  complex 
cathode  behavior  observed  for  SFCN09  material  is  partially  due  to 
the  easy  variation  of  oxygen  stoichiometry  of  this  compound.  The 
similar  result  has  been  reported  before  in  the  investigation  of  a 
La0.8Sro.2Coi_xMnx03_5  cathode  [25]. 

Cathodic  overpotential  is  an  important  parameter  for  SOFCs.  The 
cathodic  overpotential  of  SFCN09  electrode  on  CGO  electrolyte  as 
a  function  of  current  density  at  different  temperatures  is  shown 
in  Fig.  8.  It  is  observed  that  the  cathodic  overpotential  decreases 
with  increasing  the  temperature  under  the  same  current  density. 
When  the  current  density  reaches  88  mAcm-2  at  750  °C  in  air,  the 
cathodic  overpotential  is  80  mV,  which  is  lower  than  the  reported 
Nd2Ni04  and  Nd2_xSrxNi04  cathode  materials  with  perovskite-like 
structure  [26,27].  The  overpotential  of  SFCN09  is  81  mV  at  a  cur¬ 
rent  density  of  50 mAcm-2  at  700 °C.  At  the  same  temperature, 
Ndi.6Sr0.4NiO4  has  an  overpotential  of  about  100  mV  at  a  current 
density  of  50  mAcm-2  [27].  As  we  expected,  the  enhanced  conduc¬ 
tivity  combined  with  some  amount  of  oxygen  vacancies  formed  by 
Co-doping  in  SFCN  materials  makes  low  polarization  possible.  Corn- 


Fig.  8.  The  overpotential-current  density  curves  for  SFCN09  cathode  on  CGO  elec¬ 
trolyte  measured  in  air  at  different  temperatures. 


pared  to  the  LSCF  cathode  material,  the  polarization  resistance  of 
SFCN  is  higher.  SFCN  materials  are  not  idea  for  single  phase  SOFC 
cathode  application  because  the  conductivity  is  insufficient  and 
could  form  a  component  in  a  composite  cathode.  Gorte  reported 
that  the  electrode  material  should  have  a  conductivity  greater  than 
1  S  cm-1  in  order  to  be  practical  since  a  conductivity  of  1  S  cm-1 
would  lead  to  a  cell  resistance  of  0.1  £2  cm2  for  an  electrode  thick¬ 
ness  of  1  mm,  even  if  the  electrode  were  not  porous  but  dense  and 
no  other  loss  mechanisms  were  operative  within  the  electrode  [1  ]. 
Therefore,  the  SFCN  material  can  be  considered  as  a  promising  cath¬ 
ode  candidate  for  IT-SOFCs,  given  that  the  electrode  performance 
can  be  further  improved  by  optimizing  the  preparation  of  material 
and  the  microstructure  of  electrode,  and  forming  composite  cath¬ 
odes.  The  previous  work  suggests  that  the  performances  of  these 
cathode  materials  could  be  improved  by  impregnating  the  elec¬ 
trolyte  and  metal  to  enhance  the  conductivity  and  catalysis  [28-30]. 
This  work  is  still  in  process. 

4.  Conclusions 

(1 )  The  SFCN09  cathode  forms  a  good  contact  with  CGO  electrolyte 
after  sintering  at  1200  °C  for  12  h,  and  no  reaction  is  observed 
between  the  SFCN09  electrode  and  the  CGO  electrolyte. 

(2)  The  reaction  rate-limiting  step  for  oxygen  reduction  on  the 
cathode  depends  on  the  temperature. 

(3)  SFCN09  cathode  on  CGO  electrolyte  exhibits  the  highest  cath¬ 
ode  performance.  The  lowest  polarization  resistance  of  SFCN09 
is  0.74  £2  cm2  at  750  °C  in  air,  and  the  highest  current  density  is 
88  mAcm-2  at  an  overpotential  of  80 mV. 
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